The Critically Endangered Smalltooth Sawfish, Pristis pectinata, was once widespread in the tropical and 2 subtropical waters of the Atlantic Ocean, but following substantial declines over the past century, the core 3 population is currently confined to southwest Florida in the U.S. and the Bahamas. Recent research and verified 4 public encounter reports suggests that this core population may be stabilizing and, potentially, expanding into 5 formerly occupied areas of their historic range in the Western Atlantic; however, the status of this species in non-6 core waters is not well understood. Environmental DNA (eDNA) methods provide a relatively cost effective and 7 rapid assessment tool for monitoring species occurrence in aquatic habitats. Here, we have developed an eDNA tool: 8 a species-specific Droplet Digital™ PCR (ddPCR™) assay targeting a 100-base pair portion of the mitochondrial 9 NADH dehydrogenase subunit 2 gene in P. pectinata, with the ability to reliably detect as little as 0.25 pg of target 1 0 DNA. The assay was validated by collecting and analyzing a water sample from known P. pectinata nursery habitat 1 1
sensitive, and sometimes more sensitive in rare species detections compared to survey methods such as Primers were designed to amplify a 100-base pair (bp) fragment of the mitochondrial NADH dehydrogenase subunit 1 0 0 2 (mtDNA ND2) gene in P. pectinata, but not in other elasmobranchs that could co-occur with this species in U.S. 1 0 1 waters, or in other Pristis sawfishes. To design these primers, mtDNA ND2 sequences for P. pectinata (GenBank 1 0 2 accession no. KP400584.1) and 17 genetically similar exclusion species were downloaded from GenBank (Online Black™ FQ probe labeled with 6-FAM (PpecND2Probe1IBQF: 5'-TACCATAGCCATCATCCCATTATTATTC-1 0 7 3') were designed to amplify DNA in only P. pectinata by including bp differences in the primers and the probe in 1 0 8 all exclusion species (see Online Resource 1). To confirm that the combination of the primers and probe amplified 1 0 9 the desired locus, PCRs were conducted using quantitative real-time PCR (qRT-PCR) and total genomic DNA Bio-Rad ® iTaq™ universal probe supermix, 900 nanomolar (nM) of each primer, and 170 nM of probe, adjusted to 1 1 2 22 µL using PCR-grade water. Cycling conditions consisted of enzyme activation at 95°C for 10 min, followed by 1 1 3 40 cycles of: 94°C for 30 s and 64°C for 2 min, followed by enzyme deactivation at 98°C for 10 min, using a ramp 1 1 4 rate of 1°C/s. The resulting amplicon from one P. pectinata individual was cleaned using a QIAGEN ® QIAquick 1 1 5 PCR Purification Kit using the manufacturer's protocol, with the exception that all centrifugation steps were 1 1 6 conducted at 12,000 rpm for 2 min. Forward and reverse sequences were generated using a BigDye™ Terminator MA, USA) and its identity was verified as P. pectinata using the NCBI BLAST search function; the generated 1 2 0 sequence was 99.3% similar to P. pectinata GenBank accession no. KP400584.1 (Chen et al. 2016) .
The PCR reaction and cycling conditions were optimized for the Bio-Rad ® QX200™ AutoDG™ Droplet produce positive results with high relative florescence units (RFUs) and little to no "droplet rain" (i.e., droplets, or 1 2 5 clusters of droplets, that lie between the positive and negative droplet bands on the ddPCR™ scatter plot) (see Online Resource 2). Optimized ddPCR™ reaction mixtures contained 1.1 µL of extracted DNA, 1X Bio-Rad ® 1 2 7 ddPCR™ supermix for probes (no deoxyuridine triphosphate (dUTP)), 900 nanomolar (nM) of each primer, and 170 1 2 8 nM of probe, adjusted to 22 µL using PCR-grade water. Optimal ddPCR™ cycling conditions were enzyme 1 2 9 activation at 95°C for 10 min, followed by 40 cycles of: 94°C for 30 s and 64°C for 2 min, with a final enzyme 1 3 0 deactivation step at 98°C for 10 min, using a ramp rate of 1°C/s. To ensure the assay was species-specific for P. 1 3 1 pectinata in U.S. waters, the optimized ddPCR™ reaction and cycling conditions were tested using 0.20 ng/µL 1 3 2 gDNA derived from fin clips from four P. pectinata individuals and one individual for each of 12 representative 1 3 3 exclusion species (Table 1 ). The target DNA fragment was amplified in all five ddPCR™ replicates for each P. genetically similar ray genera and two shark genera that could co-occur with P. pectinata, or in other Pristis 1 3 6 sawfishes. Data were analyzed using three criteria for positive P. pectinata detections: 1) droplets fell above a manual threshold 1 4 2 (MT) defined for this assay, 2) droplets above the MT fell within the prescribed range of the positive droplet 1 4 3 population for this assay (5000-7000 RFUs; Fig. 1 ), and 3) the concentration of target DNA, determined using Bio-
Rad ® QuantaSoft™ software using the Rare Event Detection (RED) setting, was at or above the Limit of Detection 1 4 5 (LoD) of the assay. Defining an assay-specific MT minimizes the likelihood of incorrectly calling artifact droplets 1 4 6 (i.e., droplets that fall above the negative band population in the absence of target DNA; see Online Resource 3) as Template Control (NTC) plate with no target DNA was analyzed on the ddPCR™ platform, using the described 1 4 9 reaction and cycling conditions. The highest amplitude of the artifact droplets was 2,700 RFUs; therefore, 3000 1 5 0
RFUs was chosen to adopt a more conservative approach to minimize the risk of a calling a false positive. To determine the LoD of the assay, ddPCR™ reactions were performed using gDNA from three P.
1 5 2 pectinata individuals with a 6-fold series of 10X dilutions from starting concentrations of 20 ng/μL (i.e., 1:10 to 1 5 3 1:1,000,000). Target DNA was reliably detected in all replicates for all individuals up to the 1:10,000 dilutions, but 1 5 4 not in the 1:100,000 dilutions. The standard error of the 1:1,000,000 also overlapped with zero ( Fig. 2a ), making 1 5 5 detection at this concentration unreliable. To further refine the LoD, ddPCR™ reactions were performed on 1 5 6 subsequent 3-fold series of 2X dilutions from the 1:10,000 dilutions (Fig. 2b) . The LoD of this assay was found to 1 5 7 be the 1:80,000 dilutions, corresponding to 0.25 pg of target DNA in the reaction (Fig. 2c ). The standard errors of 1 5 8 the 1:80,000 dilutions did not include zero, or overlap with the 1:100,000 dilutions; so using the average number of 1 5 9 copies of target DNA/μL in the 1:80,000 dilutions and applying the lower standard error as the relaxed detection 1 6 0 threshold (see Baker et al. 2018) , the LoD of the assay was determined to be 0.08 copies/μL. To validate the ddPCR™ assay, positive P. pectinata eDNA samples were acquired via analysis of a water sample 1 6 4 from known habitat and through a tank experiment. To collect these positive water samples, a pre-cleaned ~160 L 1 6 5 tank was filled with ambient surface water from known P. pectinata nursery habitat in the Caloosahatchee River, from the tank to assess whether P. pectinata eDNA was present in the Caloosahatchee River water. One juvenile 1 6 8 female P. pectinata, measuring 786 mm stretched total length, was captured in a gill net inside the Harbour Isles 1 6 9
Marina and placed into the tank. An aerator was added to the tank and dissolved oxygen and water temperature were 1 7 0 monitored for the duration of the experiment. A 3 L water sample was collected from the tank immediately after the 1 7 1 juvenile was added (time zero) and again after 30 min. All water samples were filtered, DNA extracted, run on 1 7 2 ddPCR™, and analyzed using the methods developed in this study. Applying all three criteria for a positive detection of target DNA, the ddPCR reactions containing DNA 1 7 4 extracted from ambient water from the nursery contained an average of 11.54 copies/µL (SE = 0.72) of P. pectinata 1 7 5 eDNA (Fig. 3) . The amount of target eDNA increased to 739.4 copies/µL (SE = 38.31) immediately after the 1 7 6 juvenile was added to the tank (time zero) and then increased to 3,175.8 copies/µL (SE = 589.3) after 30 min ( Fig.   1  7  7 3). At 30 min, the large quantity of target DNA isolated from the water sample oversaturated the PCR product, 1 7 8 resulting in a high standard error. The developed eDNA assay provides a rapid-assessment tool to conduct targeted surveys to investigate the 1 8 2 occurrence and infer the status of P. pectinata beyond their contemporary core range. This assay has been validated 1 8 3 in the Caloosahatchee River, Florida, where P. pectinata is the sole species of sawfish; however, because the assay 1 8 4 did not amplify DNA in other Pristis sawfishes, it can also be used in locations where other sawfishes have been 1 8 5 known to co-occur, at least historically, such as Texas (Brame et al. 2019) . It is promising to note that there are no 1 8 6 bp differences in the primer or probe sequences designed in this study compared to a mtDNA ND2 sequence for a P. The use of ddPCR™ for single species detections is gaining popularity in eDNA research due to its unparalleled Using the three-criteria approach described here to define positive detections on the ddPCR™ platform 2 1 2 provides a rigorous approach to interpret the results of eDNA surveys, reducing the risk of incorrectly calling PCR 2 1 3 artifacts as positive species detections (e.g., false positives). For example, using only a MT, an artifact droplet just 2 1 4 above the threshold could be incorrectly interpreted as a positive detection. Ensuring the quantity of target DNA is 2 1 5 also within the detection capabilities of an assay allows for more robust and confident positive detections. False capabilities of ddPCR™ assays, strict protocols to prevent contamination (see Goldberg et al. 2016 ; Schweiss et al. In press) coupled with testing for contamination at every stage in sample processing are critical in producing reliable 2 1 9
data from eDNA surveys that may be used as a part of conservation planning. This is especially important when the 2 2 0 results of eDNA surveys could be used to prioritize research and management initiatives as well as in the allocation With a well-designed water sampling regime, strict field and laboratory controls, and a highly sensitive to detect an endangered marine skate species in the wild. PLoS One 12:e0178124. Sawfish, Pristis pectinata, individuals with five replicates each in a) a 6-fold series of 10X dilutions from a starting concentration of 20 ng/µL, b) a 3-fold series of 2X dilutions from the 1:10,000 dilution, and c) a corresponding raw ddPCR™ scatter plot of serial dilution reactions from one replicate of one Smalltooth Sawfish, Pristis pectinata, individual. The Bio-Rad ® QX200™ Droplet Reader and QuantaSoft™ software using the RED analysis setting was used across all samples, and each droplet in each well was classified as either positive (above 3000) or negative (below 3000) for target DNA based on a manual threshold amplitude of 3000 relative florescence units (RFUs) oth old one as n a Fig. 3 Raw droplet scatter plot of ddPCR™ serial dilution products from one reaction for each of the Smalltooth Sawfish, Pristis pectinata, positive eDNA samples. Ambient water refers to water samples collected from the Caloosahatchee River, known P. pectinata nursery habitat. 0 and 30 min reactions correspond to the positive water samples collected from the ex situ tank containing a live P. pectinata. Each droplet in each well was classified as either positive (above 3000) or negative (below 3000) for target DNA based on a manual threshold amplitude of 3000 relative florescence units (RFUs) detected using a Bio-Rad ® QX200™ Droplet Reader, and QuantaSoft™ software using the RED analysis setting. Each well is separated by vertical lines and is labeled to correspond with the sample or time stage it represents. Note: "Droplet rain" (i.e., droplets, or clusters of droplets, that lie between the positive and negative droplet bands on the ddPCR™ scatter plot) is seen at 30 min due to an oversaturation of target DNA e or
